INTRODUCTION
Protein toxins of the AB type contain two components, an A subunit that has a deleterious enzymatic activity, and one or more copies of a B subunit that binds to a cell surface receptor. The substrates for the enzymatic A subunit are within the cytoplasm; therefore, at least the A chain must be transported across a membrane barrier to access substrates. This transport process involves endocytosis and membrane traffic by the target cell. Some toxins, such as diphtheria toxin (DT) 1 (1) and anthrax toxin (2), enter the cytoplasm by penetrating the endosomal membrane soon after endocytosis. However, other toxins, including cholera toxin (CT) (3), ricin (4), and Pseudomonas aeruginosa exotoxin A (ETA) (5) , are endocytosed and traffic to the endoplasmic reticulum (ER) by retrograde transport before passing into the cytoplasm. CT contains five B subunits that bind the ganglioside receptor G M1 while the A chain ADP-ribosylates a regulatory G protein and activates adenylate cyclase, which elevates intracellular cAMP (6) . Ricin is a plant toxin that binds glycoconjugates containing galactose so that either glycoproteins or glycolipids displaying galactose can serve as receptors (7) . The A chain of ricin arrests protein synthesis by inactivating 28S ribosomal RNA (8, 9) . ETA binds the 2 macroglobulin receptor/low-density-lipoprotein receptor-related protein and arrests protein synthesis by ADP-ribosylating elongation factor 2 in the cytoplasm, the same reaction catalyzed by the A chain of DT (10) .
After receptor-mediated endocytosis, CT and related toxins enter retrograde trafficking pathways that transport them to the trans Golgi network (TGN) and then to the ER. The number of retrograde pathways available to toxins, and the molecular details of their operation, are not well understood (3, 11, 12) . Once delivered to the lumen of the ER, there is indirect evidence that the catalytic chains of ricin (13) , ETA (14) , and CT (15, 16) , retro-translocate from the lumen of the ER into the cytoplasm through the Sec61 pore. These studies suggest that the toxins may use the endoplasmic reticulum associated degradation (ERAD) system to leave the ER (17) (18) (19) . The ERAD system retro-translocates misfolded ER luminal and membrane proteins into the cytosol for degradation by the 26S proteasome (20) . If toxins use the ERAD pathway to leave the ER, they must somehow subvert the degradation capacity of the system to remain intact in the cytosol. Toxin A chains appear to avoid degradation by having evolved fewer sites for ubiquitination (19, 21) and by folding up quickly upon entering the cytoplasm, making them resistant to the proteasome (22) .
Ubiquitination is a modification of many proteins that leave the ER via the ERAD system and several proteins implicated in this process are known in mammalian cells. One of them is p97 (also called valosin-containing protein, VCP), the mammalian homologue of the Cdc48
ATPase that is related to N-ethylmaleimide-sensitive factor protein (NSF) (23, 24) . There is some uncertainty about whether p97 functions in homotypic fusion in the Golgi apparatus of mammalian cells as well as in the ERAD pathway, but there is no doubt that it is required for ERAD of many proteins (25, 26) . During ERAD, p97 associates with other proteins, including Ufd1, Npl4, and Derlin-1 (27) (28) (29) (30) . An important question with respect to toxin retrotranslocation is whether ubiquitination is essential for p97 to interact with substrates because toxins have evolved to avoid ubiquitination (and attendant proteasome degradation). In fact, adding ubiquitination sites to ricin A chain enhances proteasomal degradation (21) and the CT A chain with all ubiquitination sites removed still reaches the cytoplasm (22) . Recent work suggests, however, that ubiquitination is not essential for p97 to bind translocating substrates 5 (28, 31) . Thus, it is conceivable that p97 is involved with toxin translocation even though the toxins are poor substrates for ubiquitination.
In this paper, we measured the effects of toxins in a cell line containing an inducible dominant-inhibitory mutant of p97 (25) and found that the rate at which toxins entered the cytoplasm was reduced, suggesting that p97 might interact with the toxins. To test for interaction, the CT A chain was immunoprecipitated from Vero cells and both CT A and p97
were in the immunoprecipitates. These data provide functional and structural evidence that p97
and the CT A chain are together in a complex that participates in toxin delivery to the cytoplasm. Kinetics of intoxication-The rate of intoxication by ricin, ETA, and DT was measured by assessing the incorporation of radioactivity from Tran 35 S label into acid-insoluble protein as described previously (34) Transfection efficiency was between 60-70% as confirmed by immunofluorescence.
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EXPERIMENTAL PROCEDURES
For immunoprecipitation, cells were incubated with 10 µg/ml CT for 4 hr at 37°C, washed thoroughly with PBS, and solubilized in IP buffer (0.5% Triton X-100, 30 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 2 mM ATP, 1 mM DTT, EDTA-free protease inhibitors, pH 7.4). Anti-CT
A chain was incubated with the pre-cleared cell extracts for 1 hr at 4°C, and protein A Sepharose 9 beads (Sigma Chemical Company, St. Louis, MO, USA) were added and the mixture incubated for additional 2 hr at 4°C. The beads were washed thoroughly, removed by centrifugation, and proteins in the supernatant and bead pellet were electrophoresed in a polyacrylamide gel with sodium dodecyl sulfate, transferred to nitrocellulose, and immunoblotted with antibodies as described in figure legends.
RESULTS
Expressing the dominant p97(E578Q) mutant inhibits the cytotoxicity of CT, ricin, and ETA but not that of DT-U2OS-p97(E578Q) cells are stably transfected with an ATPase-defective
dominant-interfering mutant of p97 under control of the tetracycline promoter (25) . To measure the effect of expressing the dominant mutant on the cytotoxic activity of toxins, the cells were either exposed to tetracycline for 12 h to induce p97(E578Q) or were untreated. Fig. 1 shows the response of induced and uninduced cells to different concentrations of CT, ricin, ETA, and DT after exposure to the toxins for 3 h. Table 1 presents a summary of the toxin concentrations required to elicit a 50% effect (IC50 values) corresponding to the dose-response curves of Fig. 1 .
IC50 values for cells expressing p97(E578Q) were two to three times higher compared to uninduced cells for CT, ricin, and ETA, but not for DT. The resistance to CT and ricin upon p97(E578Q) induction was not the result of tetracycline alone or non-specific effects of overexpressing p97 because U2OS cells transfected with wild-type p97 under control of the tetracycline promoter (25) showed no resistance to the toxins upon induction with tetracycline (Table 2) . CT, Ricin, and ETA have in common that they enter the lumen of the ER by membrane traffic pathways and then must retro-translocate across the ER membrane to reach the cytoplasm where they encounter their substrates (3) (4) (5) . In contrast, DT penetrates an endosomal membrane to reach the cytoplasm and does not require transport to the ER (1). Thus, expressing a dominant mutant of p97 inhibits toxins that pass through the ER en route to the cytosol, but not a toxin that escapes to the cytosol before reaching the ER.
Expressing p97(E578Q) increases the time required for CT and related toxins to reach the
cytoplasm-The kinetics of intoxication by protein toxins begins with a lag period during which no effects are seen, followed by a first order inactivation of protein synthesis (35) . The lag period is dose-dependent until a minimum lag is reached that cannot be decreased by increasing the toxin concentration, corresponding to saturation of surface receptors. The minimum lag period represents the time required by cells to transport and process toxins prior to release into the cytoplasm. To see whether the resistance to CT, ricin, and ETA induced by p97(E578Q) correlated with changes in intoxication kinetics, induced and uninduced cells were exposed to a high dose of toxin (to ensure saturation of surface receptors) and the response was measured as a function of time. Two consequences on the kinetics of intoxication were observed (Fig. 2) . One was an increase of 25 to 50% in the minimum lag periods for the toxins (summarized in Table 3 ).
This increase suggests that a cellular event occurring during transport of the toxins to the cytoplasm takes longer when the dominant p97 mutant is expressed. Second, the generation of a response was delayed after the minimum lag period was over. Moreover, the response did not appear to be first order, probably due to the heterogeneous level of p97(E578Q) expression in the total cell population. Expressing wild-type p97 in U2OS cells had no effects on the kinetics of intoxication by CT, ricin, or ETA (data not shown). Overall, it is evident that interfering with p97 function slows the rate at which ricin and related toxins enter the cytoplasm. U2OS-NSF(E329Q) cells contain a dominant mutant of NSF under control of the tetracycline promoter (25) . Because dissociation of SNARE complexes mediated by NSF is essential for many membrane fusion events, disrupting NSF function should impair pathways of membrane traffic that depend on membrane fusion and it has been shown that inducing the NSF(E329Q) mutant in U2OS cells disorganizes the Golgi apparatus and impairs intra Golgi transport (25) . The cytotoxicity of toxins that require transport into the ER should also be inhibited by expressing NSF(E329Q) and the IC50 values for ricin, ETA, and CT were increased when the NSF mutant was induced (Fig. 3) . Further, the rate at which ricin, ETA, and CT intoxicated cells was reduced in kinetic assays when the mutant NSF was expressed (data not shown). Cells expressing the dominant NSF mutant were only slightly resistant to DT (Fig.3 D) ,
The accumulation of FITC-labeled ricin within Golgi membranes is not impaired upon expressing p97(E578Q)-The
suggesting that events necessary for DT action, including receptor-mediated endocytosis and acidification of early endosomes, are not severely disrupted by the dominant NSF mutant.
To determine whether the resistance to ricin caused by expressing NSF(E329Q) correlated with reduced uptake of FITC-labeled ricin into the Golgi apparatus, induced and uninduced cells were pulsed with FITC-labeled ricin for 5 min and chased for 0, 10, or 30 min prior to staining with antibodies to Rab6 (a TGN marker) and to myc (to identify myc-tagged 13 NSF(E329Q)). Images of cells at the 10-minute chase time are shown in Fig. 4 . In uninduced control cells, there was no staining for myc, indicating a very low level of NSF(E329Q)-myc expression without induction, and FITC-ricin colocalized with the Golgi marker Rab6 (Fig. 4,   top) . When NSF(E329Q) was induced, strong staining for NSF(E329Q)-myc was observed, and there was little detectable FITC-ricin in Rab6-positive Golgi cisternae (Fig. 4, bottom) . To quantify the absence of FITC-ricin in Rab6-positive structures, the ratio of FITC to TRITC in Rab6-positive regions was compared in uninduced and induced cells at different chase times.
FITC-ricin co-localized with Rab6 first increased and then declined in uninduced cells, while very little FITC-ricin was within Rab6-positive structures at any time for induced cells (Fig. 6A) .
Considering that the impairment of ricin transport to the Golgi complex was readily In control cells in which p97(E578Q) was not induced, FITC-labeled ricin colocalized after 10-min in typical Golgi structures with Rab6, and no myc staining was observed (Fig. 5 top) . When p97(E578Q) was induced with tetracycline, myc staining was intense, verifying induction, and there was no detectable change in the ability of FITC-labeled ricin to colocalize with Rab6 ( Fig.   5 , bottom). The ratio of ricin to Rab6 as a function of chase time was identical with induced and uninduced cells (Fig. 6B) . Thus, in contrast to results with NSF, interfering with p97 function caused no detectable change in the passage of a pulse of ricin through the Golgi apparatus.
The CT A chain is in a complex with p97 in vivo.
The cytotoxicity assays and the kinetics experiments provided indirect evidence for the involvement of p97 in the transport of ERtargeted toxins to the cytoplasm. To assess the possibility that p97 and CT might be in a complex, co-immunoprecipitation experiments were done. The cell line of choice in these experiments was Vero cells because they are very sensitive to CT and accumulate the CT A chain in their ER (36) . Vero cells transiently expressing either wild-type p97 or p97(E578Q)
were incubated with CT at 37 C for 4 hr, washed, lysed, and the lysates were incubated with either antibody to CT A or a control antibody (anti-GM130). Protein A Sepharose beads were added, the samples were centrifuged, and proteins in the supernatant and the bead pellet were analyzed by immunoblots to detect the CT A chain and myc-labeled p97 (Fig. 7) . Regardless of whether the immunoprecipitating antibody was anti-CT A or a control antibody, CT A was present in the supernatants after the beads were removed, as expected; however, CT A was only detected on the beads when the anti-CT A antibody was used, evidence that the immunoprecipitation was specific (Fig. 7 , top two gels). With untransfected cells, p97-myc could not be detected, either in the supernatant or in the immunoprecipitate, as expected, since the antibody is specific for exogenous myc-tagged proteins (Fig. 7 , lane 1, bottom two gels). In transfected cells, p97-myc was in all supernatants, but was not immunoprecipitated with the control antibody (Fig. 7 , lanes 4 and 5, bottom two gels). The anti-CT A antibody, however, did co-immunoprecipitate both wild-type p97-myc and p97(E578Q)-myc (Fig. 7 , lanes 2 and 3, bottom gel). These data are evidence that the CT A chain and p97 are in the same complex, independent of the ATP hydrolytic activity of p97.
The immunoprecipitates studied in Fig. 7 were from cells over-expressing transfected forms of p97 displaying the myc epitope and it is possible that the high concentration of p97-myc could have induced an unnatural complex between p97 and the CT A chain. Therefore, the immunoprecipitation experiments were repeated with untransfected cells and endogenous p97
was detected in immunoblots with anti-p97 antibody rather than anti-myc antibody.
Untransefected Vero cells were either untreated or treated with CT, lysed, and the lysates 15 incubated with anti-CT A chain antibody followed by addition of protein A Sepharose beads and preparation of supernatants and pellets by centrifugation. The samples were immunoblotted with either anti-CT A antibody or anti-p97 antibody. CT A was not detected in either the supernatant or pellet from cells untreated with CT but was present in both the supernatant and immunoprecipitated pellet in CT-treated cells (Fig. 8 lanes 1 and 2, upper two gels) . p97 was present in the supernatant, but not the pellet, of cells untreated with CT (Fig. 8, lane 1, bottom two gels), demonstrating that the p97 antibody reacted with p97 as expected; however, p97 was present not only in the supernatant of lysates immunoprecipitated with anti-CT A, but also in the pellet (Fig. 8 , lane 2, bottom two gels). This is evidence that endogenous wild-type p97 is in a complex with CT A.
Several additional controls were done to demonstrate the specificity of the immunoprecipitation reaction that detected both CT A and endogenous p97 in a complex. With a control immunoprecipitating antibody in place of anti-CT A (anti-GM130), neither CT A nor p97 was immunoprecipitated (Fig. 8, lane 3) , indicating that anti-CT A was essential for the immunoprecipitation reaction. Further, if lysates were prepared from cells not treated with CT, and the CT A chain was added post lysis, followed by immunoprecititation with anti-CT A chain, no p97 was found in pellets, indicating that CT A chain was not reacting with p97 after the cells had been lysed (data not shown). In addition, when lysates prepared from cells treated with CT were immunoprecipitated with anti-CT B chain, CT A chain was detected in both supernatants and pellets (Fig. 8, lane 4 , top two gels), as expected, because most of the CT in the cell consists of heterodimers of the A and B chains covalently attached by disulfide bonds. Most importantly, however, is that the anti-CT B chain did not co-immunoprecipitate p97 (Fig 8, lane 4 , bottom two gels). This indicates that p97 is not reacting with intact CT or with the B chain alone.
DISCUSSION
Several protein toxins that cross the ER membrane barrier physically associate with the Sec61 translocon (13) (14) (15) . The unfolding of the CT A chain, which is probably required for retro-translocation, is also dependent on protein disulfide isomerase and the ER oxidase Ero1 (37). However, except for Sec61, protein disulfide isomerase, and Ero1, other proteins that mediate the dislocation of toxins across the ER barrier remain uncertain. The AAA ATPase p97
has been implicated in the retro-translocation of ERAD substrates (25, 27, 38) and we studied here whether p97 participates in the retro-translocation of ER-targeted protein toxins. The most important findings in this study are that an ATPase-defective mutant of p97 slows the transport of several toxins to the cytoplasm and that the CT A chain is in a complex with p97.
Inducing p97(E578Q), followed by exposing the cells to toxins, increased the concentration of CT, ricin, and ETA, required for a 50% response and also slowed the rate at which the toxins appeared in the cell cytoplasm. Inducing wild-type p97 had no effect on the toxins, suggesting that ATPase activity of p97 influences the process by which toxins enter the cytoplasm. The fact that the ATPase-defective mutant of p97 did not completely protect cells from toxins like CT is probably because the high concentration of endogenous p97 in the cells supports partial activity in the presence of the dominant ATPase mutant. Expressing p97(E578Q) had no effect on the action of diphtheria toxin, which reaches the cytoplasm without need for translocation across the ER membrane. Thus, the effects of p97(E578Q) were specific for toxins that pass through the ER en route to the cytoplasm.
Inducing p97(E578Q) in U2OS cells results in the accumulation of the mutant p97 on the ER and morphological changes in ER structure (25) . One explanation for the effects of p97(E578Q) on ER-targeted toxins is that the mutant p97 interferes with the secretory function of the ER, which could indirectly affect toxins. For example, the placement of toxin receptors or other proteins in the plasma membrane or endosomal compartments could be altered to secondarily reduce the rate at which toxins are delivered to the Golgi compartment. To determine whether the delivery of ricin to the Golgi apparatus was affected when p97(E578Q) was expressed, the accumulation of FITC-labeled ricin in the Golgi region was compared between cells induced or not induced for the ATPase defective dominant p97 mutant. As a control in these experiments, the effect of inducing an ATPase-defective dominant mutant of NSF on the accumulation of ricin in the Golgi complex was assessed because impairing NSF function should inhibit delivery of ricin to the Golgi. There was a clear decline in the amount of ricin entering the Golgi complex when the ATPase-defective form of NSF was induced, but not when the ATPase defective form of p97 was induced. These data suggest that the effect of p97(E578Q) on the kinetics of ricin intoxication is not the result of inhibiting steps that deliver the toxin to the Golgi apparatus.
If p97 participates in toxin retro-translocation, then it is likely that the two proteins interact, or at least are components of a larger complex. During ERAD, p97 is believed to pull substrates through a translocation pore coincident with ATP hydrolysis (40) , and it may have a similar function with toxin A chains. For example, p97 may bind to the CT A chain as it emerges from a pore on the cytoplasmic side of the ER membrane and promote dislocation. Over-expressing the wild-type p97 has no effect on the toxin because the endogenous level of p97 is not limiting and is sufficient for full dislocation activity. The inhibition of cytotoxicity caused by over-expressing p97(E578Q) could be due to a failure of the ATPase-defective form of p97 to dissociate from the toxin/pore complex, blocking further dislocation. In light of this model, it is interesting that complex formation with CT A chain and p97 did not depend on the ATPase activity of p97. This suggests that complex formation and translocation may be distinguished by the requirement for ATP hydrolysis. 
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